We have performed direct measurements of the heat generated in vacuumbarrier tunneling junction (TJ) electrode(s) at temperatures ≈5.3 K. The heat power generated in the positive electrode is greater than the one in the negative electrode, giving in the sum the value equal to the electrical power dissipated in the volume of the electrically equivalent resistor replacing TJ. In the framework of the proposed model, the asymmetry originates from different inelastic electron processes in the separate TJ electrodes that accompany the process of elastic electron tunneling.
The tunneling spectroscopy is the way how to obtain the energy-spectroscopic information from careful measurements of the current-voltage characteristics [1] . Besides probably the most important application based on direct measurements of differential electrical conductance dI/dV (which measures the density of states) also a second type of energy spectroscopy (detecting an inelastic excitation threshold), observed in the second derivative d 2 I/dV 2 of the tunneling current I with respect to the voltage V , was demonstrated in several kinds of experiments [1] .
Considering similarities between PCs in the tunnel regime [3, 4] and the tipsample configuration well-known from the scanning tunneling microscopy (STM), taking into account theoretical [6] , and experimental results [7] on the asymmetrical heat generation in PCs and our previous analysis [5] , we have predicted that (i) the process of electron tunneling is accompanied by asymmetrical heat generation in TJ electrodes and that (ii) energy spectroscopic information, can be derived from careful calorimetric measurements of the heat generated in electrodes of the vacuum-barrier tunneling junction (VBTJ). These predictions, as well as the lack of information treating the problem of electrical energy dissipation in tunneling structers were two main motivating factors for us to start studies presented in this Letter.
Our calorimetric tunneling (CT) experiments were performed using an experimental configuration consisting of the STM-like tip-sample tunneling setup and the sample holding semiadiabatic calorimeter. Because of insufficient mechanical stability of the CT unit utilizing a commercial calorimeter [8] , we built the CT unit with calorimeter similar to one for specific heat studies [9] by the following. The tip was connected to the linear piezo positioner [10] of the low temperature high vacuum compatible tunneling head and its separation from the sample fixed to the calorimeter sapphire platform was controlled by the z-feedback STM control electronics [10] . The sapphire platform was equipped by a bare chip Ge-thermometer and a RuO 2 resistor as a heater and was pressed by phosphor bronze spring to three stainless steel tips. Such CT unit has sufficient mechanical stability and yields a plausible heat resistance for CT experiments at temperatures up to 6 K, at least. Both, the tip and the sample were prepared from the same gold-based alloy foil [11] in order to prevent formation of insulating layer on the tip and the sample surface and to avoid effects due to dissimilarity of TJ electrodes.
The heat power generated in the sample due to a tunneling current (TC) was derived from the increase of the calorimeter platform temperature, which was directly calibrated against the known power generated by the heater. The experimental procedure consisted of the determination of generated heat power P pos and P neg for positively and negatively biased sample, respectively, at the same absolute value of the TC. Such procedure yields the exact comparison of the heat power generated in the sample due to electron tunneling for "direct" and "reverse" polarity of the tunneling current I. Here should be noted, that the value of Joule heat in the sample and in the tip (due to their resistances) was estimated to be at least five orders of magnitude less than the estimated resolution of our experiment.
Our data were acquired at temperatures close to ≈5.3 K. P − I dependences at constant absolute value of bias voltage V b are shown in Fig. 1 . As seen, the power generated in the sample shows a clear asymmetry with respect to the orientation of I, as P pos , when electrons are injected into the sample, is always greater than P neg , when electrons are injected from the sample. As can be deduced from Fig. 1 , the ratio P pos /P neg does not depend on I as both P pos and P neg seem to be linear functions of I within the resolution of our experiment. However, the asymmetry increases with increasing of V b . For illustration, the ratio P pos /P neg for bias voltage V b =±1 V is ≈1.8, while for V b =±2.5 V one is ≈3.5.
Measurements at a constant value of the TC in the region of V b below 2.5 V show that the asymmetry monotonically increases with increased V b , as shown in Fig. 2 . On the other hand, the asymmetry vanishes for low V b . For V b <300 mV values of P pos and P neg become very close to each other having a difference comparable with the resolution of our measurements.
Because of the use of the same material for the tip and the sample no effects due to dissimilarities of the tunnel junction electrodes are considered and the total power generated in the VBTJ is given by
The common feature observed in our measurements is that P tot determined by means of Eq. (1), shows an excellent coincidence with calculated power P calc = V b I, as it is shown in Fig. 1 and in Fig. 2 . On the basis of our observations we can conclude that the total power dissipated in both, positive and negative electrode reminds of Joule heat generation in equivalent resistor. From the point of view of electrical power dissipation, the VBTJ behaves like a resistive medium, however, the dissipated power is asymmetrically divided between two VBTJ electrodes. We explain these observations by the following.
Let us consider metals I and II separated by a tunneling barrier as shown in Fig.  3 . If a bias voltage V b is applied between the metals, the Fermi levels will differ in energy by eV b . Assuming an elastic tunneling of electrons from filled states of metal I through the insulating barrier into empty states of metal II, the net current I between metal I and metal II can be formally expressed in the form
Here n(E) is the resulting number of tunneled electrons per one second within the energy interval E, E + dE (see Ref. [12] ), and E are the energies of tunneled electrons counted from the Fermi level of metal II. Considering an electron at energy E elastically tunneling from metal I to metal II, two main consequences can be seen. First, electron after tunneling appears in the state with excess energy E above the Fermi level of metal II. The tunneled electron is brought into the equilibrium state via inelastic processes generating inequilibrium quasiparticles with the total energy E, e. g. phonons. Second, the empty state created below Fermi energy in the metal I has to be filled by the electron from higher energy level what is an inelastic electron process as well and is accompanied by inequilibrium quasiparticle generation with the total energy eV b − E. Thus energies dissipated in metal I and metal II are in general different, however their sum is constant and equal to eV b . Based on the Eq.
(2) we write equation for the power dissipation in metal II (positive TJ electrode) due to elastic electron tunneling as
and for the power dissipation in metal I (negative TJ electrode) we have
From Eqs. (2), (3) and (4) directly follows
what is just the observed experimental situation. The asymmetry of the heat generation we characterize by
Now, let us pay attention to the shape of experimental P − V curves shown in Fig. 2 . For the case of the tip -sample configuration with positively biased sample we use the approximate expression for the TC [13] 
where ρ s and ρ t are the densities of states of the sample and the tip, respectively, at energy E (relative to the Fermi level) and T (E, eV b , z) is the tunneling transmission probability density and is given by
where z is the tip-sample distance and φ is the average of the output work of the tip and the sample. In the low-voltage limit (|eV b | << φ) functions in argument of the integral in eq. (7) can be considered as constant parameters and the generated power can be expressed as
Eρ t T ρ s dE (9)
where P pos and P neg corresponds to the power generated in the sample and in the tip, respectively. As integrals in Eqs. (9) and (10) yield the same value the power generated in both electrodes becomes symmetrical and equal to V b I/2 in the considered low-voltage limit. The description of data at higher bias voltages requires to assume energy dependent arguments of integrals in Eqs. (9) and (10). Considering a weak energy dependence of ρ s and ρ t , the energy dependence of integral arguments in Eqs. (9), (10) will be preferably govern by T (E, eV b , z). As V b increases, the states with energy from region close below E = eV b give still more important contribution to the TC, as follows from Eqs. (7) and (8) . In the case of P pos the contribution from these states is enhanced due to multiplication of n(E) by E, while for the case of P neg the situation is just opposite, due to the term eV b − E. This explains the steeper growth of P pos with comparison to P neg with increasing of V b and tendency of P neg to saturate at highest V b where the dominating contribution to the tunneling current originates just from the states lying in the region below E = eV b Presented results have several important consequences which should be briefly mentioned. The asymmetry of the heat generation is the direct consequence of the nature of quantum mechanical tunneling and it is an another independent proof of the validity of the generally accepted concept of the electron tunneling. In difference with I −V characteristics based studies, where the tunneling current is measured as a common property of both TJ electrodes, the measuring of P −I characteristics yields the information about energetically processes for every tunnel electrode separately and therefore introduces a new light into the problem of electron tunneling. As P − V dependences are coupled with I − V ones via Eqs. (2), (3) and (4), it can be concluded, that careful calorimetric studies of VBTJs can be used for the derivation of energy-spectroscopic information about density of states and electron-quasiparticle interaction giving rise to a qualitatively new experimental methods. Here should be emphasized that in contrast to "conventional" PC spectroscopy, but in agreement with treatment of PCs in tunnel regime [3, 4] , CT studies of electron-quasi particle interaction should be possible for systems with very short mean free path as well. Moreover, a combination of CT experiment with STM can open new perspectives for space resolved studies of the electron-quasi particle interaction. Thus obtained results opens new perspectives for the design and development of qualitatively new instrumentation (including one for nanotechnologies).
Because of the asymmetrical heat generation a TJs can be a source of thermal gradients, especially in combination with high bias voltage, high tunneling currents and TJ electrodes with "non constant" behavior of n(E). Therefore for the purposes of fine analysis of thermal effects of the power dissipation in systems containing structures, where tunnel effects play a role (e. g. electronic devices), the "one term" classical formula for the Joule heat has to be replaced by "two term" one, by means of Eqs. (3), (4) and (5).
In conclusion, we have performed direct measurements of the heat generated in VBTJs. The heat generated due to the electron tunneling was found to be greater in positively biased electrode showing a huge asymmetry at higher bias voltages and vanishes in the low-voltage limit. The asymmetry is insensitive to the change in the tip-sample spacing caused by a change of TC. The total heat power generated in both TJ electrodes is equal to the Joule heat in equivalent resistor replacing the TJ. The asymmetry arises from different energy processes, which accompany the process of electron tunneling, in positively and negatively biased electrode and one is the property of TJs in general and therefore results have direct consequences for temperature gradient sensitive applications, in which tunneling phenomena play a role. Based on obtained results, new scanning probe microscopy type techniques capable to yield the energy-spectroscopic information about the density of states and electron-quasiparticle interaction can be developed.
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